Genetic diversity at 11 loci encoding nine enzymes was studied in 23 populations of Japanese beech Fagus crenata Blume distributed throughout the range of the species. Levels of genetic diversity were high for both within species (expected mean heterozygosity: 0.194) and within populations (expected mean heterozygosity: 0.187), whereas the level of genetic diversity among populations was low (GST = 0.038), as observed in various long-lived, woody plants. Despite the low differentiation among populations, geographical patterning of the variation was observed. Populations in south-western Japan tended to have greater within-population variation and to be more highly differentiated when compared with those in north-eastern Japan. In addition, allele frequencies observed at eight loci were significantly related to latitudinal and/or longitudinal gradients and showed clinal variation across the range of the species. Principal components analysis revealed that the populations tended to cluster according to their geographical locations. The nonrandom patterns of variation were probably shaped by relatively recent historical events such as late-Quaternary migration and founding events.
Introduction
Many allozyme studies examining genetic diversity of plant species have shown that various species maintain high levels of genetic diversity within natural populations. Among plant species, longlived, woody species maintain higher levels of variation both within species and within populations and, further, show less genetic differentiation among populations compared with other plant species. In general, this tendency is related with longevity, large contiguous populations, allogamy and widely dispersed pollen and seed, as these life history and ecological traits tend to maintain high intrapopulation variation and prevent interpopulation differentiation (Brown, 1979; Hamrick et al., 1979;  *Correspondence and present address: Bio-resources Technology Division, Forestry and Forest Products Research Institute, Kukizaki, Ibaraki 305, 1997 The Genetical Society of Great Britain. 241 events, genetic variation, population differ- Gottlieb, 1981; Hamrick & Godt, 1989; Hamrick et al., 1992) . Certainly, several life history and ecological traits of species are significantly related to the level and distribution of genetic diversity in plant species. However, these traits only account for less than one-half of the heterogeneity observed in genetic diversity among species (Hamrick & Godt, 1989; Hamricketal., 1992) . Hamricketal. (1992) noted that the remaining heterogeneity was probably explained by the evolutionary history of each species.
The Japanese Archipelago extends lengthwise from north-east to south-west with various mountain ranges running parallel to it. In general, past major climatic changes forced temperate plant species to migrate along either the Pacific Ocean side, the Japan Sea side or along the mountain slopes; i.e. during glacial periods they migrated either southwards or to lower altitudes into refugia, and during interglacial periods they expanded either northwards or to higher altitudes (Tsukada, 1980) . Therefore, knowledge of the evolutionary history of temperate plant species, including shifts in distribution, fragmentation and population isolation, especially after the last glacial maximum, would help interpret the current genetic diversity.
Japanese beech forests, common in the cool temperate zone, are widely distributed from the Kuromatsunai lowland in Hokkaido to Mt. Takakuma in Kyushu (Horikawa, 1972; The Environment Agency, 1988; Fig. 1 ). The present centre of the distribution is in north-eastern Honshu on the Japan Sea side where beech forests remain in relatively large areas despite being fragmented in montane areas (mostly 200-1400 m elevation) because of post-World War II exploitation. On the other hand, the distribution from central Honshu on the Pacific Ocean side to south-western Japan is scattered and isolated in small montane areas mostly higher than 1000 m in elevation.
Relatively extensive data of radiocarbon-dated pollen analyses have been reported for Fagus spp. (mainly F crenata, but including F japonica) and Tsukada (1982a,b) reviewed them for an understanding of the late-Quaternary vegetation history. Takahashi et a!. (1994) analysed allozyme variation in F crenata populations in north-eastern Japan.
However, there is no comprehensive allozyme study using natural populations sampled across the entire natural range of the species. In this report, we illustrate the genetic variation and population differentiation of F crenata across its entire distribution, and elucidate the role of the late-Quaternary distributional shift in shaping the geographical variation revealed by allozyme markers.
Materials and methods P/ant materials
In this study we sampled 23 populations covering the naturally distributed areas of F crenata ( Fig. 1 and Table 3 ). To assess genetic diversity in the entire species distribution, the populations used in this study also included the 11 populations which were used by Takahashi et a!. (1994) to estimate allozyme diversity of F crenata forests in north-eastern Japan.
Winter buds were collected from 624 trees in the remaining 12 south-western populations during October and March; 20-30 winter buds were collected from each individual. To avoid sampling half-sib individuals sampled trees were separated by approximately 50 m and no attention was paid to the age or size of trees. Buds were stored at -80°C Table 3. prior to isozyme analysis.
Enzyme electrophoresis
Enzyme extraction, electrophoresis and staining methods were similar to those described by Tsumura & Ohba (1993) . Fifty milligrams of winter bud tissue was ground to a fine powder with a mortar and pestle using liquid nitrogen. Immediately after grinding, 50 mg of polyvinylpolypyrrolidone and 1 mL of extraction buffer (93 mi Tris-HC1 (pH 7.5), 23.4 per cent glycerol, 0.6 per cent Tween 80, 12.0 mi DTT', 2.8 mri EDTA, 0.6 mrvi NAD, 0.5 mi NADP, 0.5 per cent 2-mercaptoethanol, 0.08 per cent BSA) were added. Individual homogenates were centrifuged at 30000 g and 0°C for 40 mm. Ten microlitres of supernatant per lane was used in polyacrylamide vertical slab gel electrophoresis (Davis, 1964; Ornstein, 1964) for 150 mm at 4°C and 12.3 mA cm2. A running gel (7.5 per cent) and a spacer gel (3.75 per cent) were used. All samples were analysed for nine enzyme systems and scored for a total of 11 loci as follows: alcohol dehydrogenase (ADH, EC 1. Takahashi et a!. (1994) .
Statistical analysis
To estimate within-population variation, five parameters were estimated from allele frequencies: the proportion of polymorphic loci (P!) at the 95 per cent level; the average number of alleles per locus (Na); the effective number of alleles per locus (Ne Kimura & Crow, 1964) ; the expected and observed average heterozygosities (He and H0), where H was an unbiased estimate (Nei, 1978; Nei & Roychoudhury, 1974) . The fixation index (F1) for polymorphic loci in each population and its averages across both populations and loci were determined (Wright, 1965; Nei, 1977) . Deviations from Hardy-Weinberg equilibra were tested using x2 (Li & Horvitz, 1953) .
Gene diversity statistics (Nei, 1973; Nei & Chesser, 1983) were estimated as follows: HT = H8 +DST and GST = DST/HT, where HT is the gene diversity in the total population, and H and DST are the average gene diversities within and between populations, respectively. GST is the relative extent of gene differentiation among populations. As suggested by Nei (1973) , statistical averages were obtained over all loci to clarify a general mode of differentiation among populations. An average was also obtained for polymorphic loci only to compare with those of other species mentioned by Hamrick & Godt (1989) and Hamrick et a!. (1992) . The statistical significance of the deviation of GST from zero was tested using x2 (Workman & Niswander, 1970 ).
An additional measure of population differentiation was D (Gregorius & Roberds, 1986) , defined as the genetic distance between thejth population and the remaining populations as follows: Nei's unbiased genetic distances were calculated for all population pairs (Nei, 1972; Nei & Roychoudhury, 1974 Wright's (1931) infinite island formula: Nm = (1 -GST)/4GsT, where N is the effective population size and m is the proportion of migrants exchanged per generation.
Significance tests in parametric linear regression (f-test) and in nonparametric regression (ordering test; Quenouille, 1952) were performed for the regression coefficients of the parameters (allele frequencies, P1. Ne, He and D) against latitude and longitude of the 23 populations to identify relationships between genetic variation in populations and the latitudinal or longitudinal gradients. Furthermore, genetic relationships among populations were explored by principal components analysis based on a variance-covariance matrix of angular-transformed frequencies for all alleles in the 23 populations (SAS Institute, 1985) .
Results
Number of alleles at each locus and patterns of allele distribution A total of 44 alleles, at 11 loci, across 23 populations were detected. The number of alleles detected at each locus ranged from two at Mdh-2 to seven at Pgi-1, the average being four. The allele frequencies for each population appeared relatively homogeneous; the most common alleles at each locus were identical over all populations. However, the differences among populations emerged as different frequencies of shared alleles and the presence and absence of rare alleles. Despite most of the frequencies fluctuating greatly along the geographical transect, 19 alleles (43 per cent) were found to be significantly related to latitudinal and/or longitudinal gradients throughout the species range (Table 1) .
Many rare alleles were detected in widely scattered localities. For the Pgi-1 locus, however, allele f was detected only in south-western populations located in the Kanto, Tokai, Chugoku, Shikoku and Kyushu districts, and alleles e and g in more south-western populations located in the Chugoku, Shikoku and Kyushu districts.
Agreement with Hardy-Weinberg expectations For estimating F18, 149 genotype distributions for each polymorphic locus in each population were were not significant. The F15 values were also averaged across loci in each population excluding those at Adh-3, Got and Aap-2 because these loci had null alleles (Table 3) Level of within-population and within-species genetic variation and extent of population differentiation were found for combinations of P1 and either latiAs summarized by Hamrick & Godt (1989) Table 3 .
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In long-lived woody species, geographical range is the best indicator of genetic diversity (Hamrick et a!., 1992) . In Japan, F crenata forests are distributed within a regional range (Horikawa, 1972) . Comparing the genetic diversity in F crenata with that in long-lived woody plants also having regional ranges (P1 = 69.2 per cent; Na = 2.31; Ne = 1.26; He = 0.194; GST = 0.065 and Hes = 0.169), genetic diversity in F crenata was found to be generally similar for withinpopulation and within-species variation but lower for among-population variation. Additional characteristics influencing genetic diversity in plant species are the breeding systems and seed dispersal methods (Hamrick & Godt, 1989; Hamrick et al., 1992) . It is known that F crenata outcrosses through wind-pollination. Beech nuts are dispersed by gravity and then scattered and hoarded by animals such as wood mice (Apodemus speciosus and A. atgenteus; Miguchi, 1994) and Japanese nutcrackers (Nucifraga calyocatactes japonicus) and jays (Garrulus gladnarius pallidifrons; Watanabe, 1990) . However, the extent of population differentiation in F crenata is inconsistent with, and lower than, a typical wind-pollinated, outcrossing species (average GST = 0.077) or a typical species whose seed are dispersed by gravity (average GST = 0.131). Hamrick et a!. (1992) , however, did not summarize data for species with seed dispersal by caching.
Although there are no data of F crenata seed dispersal by birds, Johnson & Adkisson (1985) described seed dispersal of F grandifolia by blue jays (Cyanocitta cristata). They found that about 75 blue jays transported and cached approximately 100 000 beech nuts over distances from a few tens of metres up to 4 km from a woodlot during September. In contrast, the dispersal distances of beech nuts by wood mice were relatively short, within 5 m for F crenata (Miguchi, 1994 ) and 1-13 m for F sylvatica (Jensen, 1985) . As both pollen dispersal (Levin & Kerster, 1974) and seed dispersal by rodents is often effective only over short distances, long-range seed dispersal by birds may be an important source of gene flow between scattered populations (Vander Wall, 1990 ).
Therefore, the high rate of gene flow generated especially by bird dispersal of beech nuts has possibly contributed to the low differentiation in F crenata. It is more likely, however, that the recent evolutionary history of F crenata has contributed to this low differentiation.
The average number of migrants exchanged per generation (Nm) was estimated to be 6.3. This parameter reflects historical gene flow rates that would vary from generation to generation. Although the estimates should be treated with caution (Slatkin & Barton, 1989) , when considering many other species, this estimate of Nm is rather high (Govindaraju, 1988) . Theoretical studies have shown that a relatively low gene flow, Nm >1, is sufficient to hamper population differentiation caused by genetic drift at neutral loci (Wright, 1931; Maruyama, 1970; Levin & Kerster, 1974; Slatkin & Maruyama, 1975) . Therefore, for F crenata with a relatively large population size, the high rate of gene flow within and between populations may have prevented the loss of variation and differentiation between populations.
Geographical patterns of genetic diversity
Genetic diversity in Fagus crenata mostly corresponds to the generalization of genetic diversity in long-lived woody plants (Hamrick & Godt, 1989; Hamrick et al., 1992) , i.e. long-lived woody plants have relatively high genetic diversity within species, but most of the genetic diversity is within populations with little existing among populations. There are, however, remarkable characteristics in the genetic diversity of F crenata, i.e. although there was low differentiation among populations, geographical patterning of the variation was clearly observed. First, the within-population variation tend to be lower in the more north-eastern populations, as indicated by He and Ne values, despite the south-western Japan populations being small and isolated, whereas those in north-eastern Japan are large and widespread. This fact is inconsistent with the general tendency for more widespread populations to retain greater genetic diversity than more geographically restricted populations.
Secondly, population differentiation appears to have proceeded less in north-eastern Japan, as indicated by D1 values. This fact was further confirmed by gene diversity analysis (Nei, 1973) . Estimates of GST values were made for each of the eight southwestern populations from the Chugoku, Shikoku and Kyushu districts and for the 12 north-eastern populations from the Hokkaido, Tohoku and Hokuriku districts. Population differentiation (mean GST = 0.007 0.002) in the north-eastern populations was less than one-quarter of that in the south-western populations (0.03 1 0.013).
Thirdly, allele frequencies observed at eight loci showed significant clinal variation across the range of the species. Furthermore, this tendency was emphasized by the principal components analysis because the synthesized principal components resulted from the accumulated differences of frequencies for many alleles, most of which were the same alleles exhibiting the clinal variation. Indeed, the populations in the analysis tended to cluster according to their geographical locations. Noticeably, a high proportion (88.2 per cent) of the variance of the first principal component was explained by the geographical locations of the populations.
These characteristics are probably accounted for by the recent migration history of F crenata. According to palynological studies (Tsukada, 1982a,b) , multiple refugia were sparsely located only along coastal belts south of approximately 38°N latitude during the full-glacial period (25 000-15 000 years BP). Approximately 12000 years ago, Fagus forests
The Genetical Society of Great Britain, Heredity, 78, 241-251. began to expand rapidly northwards and to higher altitudes from the coastal refugia. It is particularly worthwhile to consider the following three distributional shifts of Fagus forests: (i) in south-western Japan, Fagus populations moved to higher altitudes and were isolated by about 7000 years ago; (ii) in central and north-eastern Japan, Fagus populations were fully established in their present distribution by about 7000 years ago; (iii) the new Fagus populations in north-eastern Japan must have been founded by migrants from the northern populations of its glacial refugia (approximately 38°N latitude). Because Japanese Fagus comprises two species, F crenata and F japonica, Tsukada's hypothesis included both species. Nevertheless, the inference about the distribution shift on the Japan Sea side would be for F crenata as F japonica is generally restricted to the Pacific side (Horikawa, 1972) .
The north-eastern populations of F crenata obviously originated from the peripheral refugia north of the last glacial distribution. These peripheral refugia possibly maintained a lower diversity than the multiple refugia located on the more south-western coasts. In present populations of various tree species, the tendency has been found for marginal populations to maintain lower diversity than in central populations (Guries & Ledig, 1982; Michaud et aL, 1995) . The distributional expansion allowed by climatic amelioration after the glacial maximum was probably accomplished by repeated founding events, presumably through dispersal by birds (Vander Wall, 1990 ). Consequently the variation in new populations founded with small population size may have further decreased because of genetic drift during the succeeding postglacial migration. When population size is reduced, the genetic variation is expected to decline because of genetic drift. The rate of decline depends on the effective population size (Wright, 1931; Nei et a!., 1975) . Such a distribution in the last glaciation and the following migration events could explain the result that variation within F crenata populations declined in more north-eastern populations. In a study of Pinus contorta, the results of allozyme analysis clearly suggest that stochastic genetic drift in long-distance founding events during its postglacial spread resulted in the reduced allelic diversity in the populations founded toward the northern distribution limit (Wheeler & Guries, 1982a,b; Cwynar & MacDonald, 1987 (Lagercrantz & Ryman, 1990 ).
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Fagus crenata populations in south-western Japan, when compared with geographically restricted populations of long-lived woody plants, revealed relatively high within-population variation despite the small population size in the mountains. Therefore, even now, variation in the south-western populations may reflect the high variation presumably maintained in the multiple refugia or the descendent populations (Hiebert & Hamrick, 1983; Niebling & Conkle, 1990) , i.e. because of genetic drift, the present populations may not have lost completely the variation within the ancestral populations.
If the process of population expansion in northeastern Japan had really happened, population differentiation may have proceeded between the newly established populations. Nevertheless, very limited differentiation was found among northeastern Japan's present populations, indicating that gene flow may have been so high that the population differentiation was prevented because of the relatively continuous range of F crenata in north-eastern
Japan. This has probably contributed to the low between-population differentiation of F crenata at the species level. Alternatively, for populations in south-western Japan, isolated at least since early in the postglacial period, the interpopulational differentiation has been somewhat greater. Clinal variation of allele frequencies along latitude and/or longitude has been reported for several tree species (e.g. F sylvatica (Leonardi & Menozzi, 1995) ; Picea abies (Lagercrantz & Ryman, 1990) ; Quercus petraea (Zanetto & Kremer, 1995) ). These authors have generally proposed that geographical variation patterns in allele frequencies resulted from postglacial migration and founding events. The geographical dines of F crenata allele frequencies probably also reflect the distribution of refugia in the last glacial maximum, subsequent migration and founding events. Clines in allele frequencies can be produced both by unidirectional and successive founding events through migration and by fusion through migration from two refugia that have become differentiated during separation. The adaptive significance of allozymes along environmental gradients cannot be completely rejected, because even if the studied allozymes are neutral or nearly neutral, natural selection can indirectly affect allozymes if they are linked to genes on which selection is acting. Nevertheless, the effect of late-Quaternary evolutionaiy events on F crenata may provide the most reasonable explanation for the geographical pattern of allozymes found in this study.
